Integrated backscatter (IB) from the heart wall is gaining attention as a quantitative tissue characterization method and the cyclic variation (CV) in IB during a cardiac cycle offers potential for the evaluation of myocardial contractility. Since there is large motion in the heart wall owing to the heartbeat, in the conventional method, the position of the region of interest (ROI) for calculating the IB is manually assigned in each frame during one cardiac cycle. Moreover, the change in the size of the ROI during contraction and relaxation of the myocardium is not considered. In this study, the phased tracking method was applied to multiple points in the heart wall for automatic tracking of the position and size of the ROI and, then, IB in the same site of the heart wall was measured in each frame by improving temporal resolution and spatial resolution in the axial direction. As a result, cyclic variations, which differed site by site, were found. Furthermore, the rate of change in thickness was estimated by using the interference cycle obtained by applying the discrete Fourier transform (DFT) to IB signals. According to the results, the rate of change in thickness estimated using the interference cycle of IB was in good agreement with that estimated by the phased tracking method. These results indicate the possibility of estimating the rate of change in thickness using the IB signal. #
Introduction
For the diagnosis of heart disease such as myocardial infarction, hypertrophic cardiomyopathy, and dilated cardiomyopathy, noninvasive myocardial tissue characterization is important. Previously, the echogenicity of the heart wall of patients with previous myocardial infarction and hypertrophic cardiomyopathy in the ultrasonic B-and M-mode images was known to be high. [1] [2] [3] [4] [5] [6] However, quantitative characterization of myocardial tissue has not yet been realized.
Integrated backscatter (IB) from the heart wall, which is able to measure the phenomenon in a region of a size less than the ultrasonic wavelength of about 500 m, is gaining attention as a quantitative tissue characterization method. The IB is obtained by averaging the ultrasonic scattering power from a region in tissues. In previous studies, it was found that IB from the myocardium exhibits cyclic variation during one cardiac cycle, [7] [8] [9] i.e., the magnitude decreases during systole and increases during diastole. The magnitude of such variation is reduced by ischemia. 10) These results suggest that the cyclic variation in ultrasound IB during one cardiac cycle offers potential for the evaluation of myocardial contractility. Thus, analysis of the cyclic variation of ultrasonic IB has been established as a noninvasive and sensitive method for evaluating intrinsic left ventricular (LV) contractile performance and for detecting myocardial viability. [11] [12] [13] [14] Since there is large motion due to the heartbeat in the heart wall, in conventional measurement, the position of the region of interest (ROI) for detecting IB is manually assigned in each frame during one cardiac cycle. Furthermore, the thickness of the heart wall changes during contraction and relaxation of the myocardium. However, the change in size of the ROI is completely ignored in conventional measurement of IB. Thus, it is difficult to obtain IB from the same site during one cardiac cycle.
It is reported that a patient with myocardial infarction shows a low CV in IB and a high baseline value of IB. Naito et al. investigated the change in IB under doses of dobutamine and blocker. 15) They showed that CV in IB was increased by dobutamine and decreased by blocker. They discussed that such changes in IB were caused by the increased contractility of the myocardium caused by dobutamine and the decreased contractility caused by blocker. Masuyama et al. showed that the CV of a patient with hypertrophic cardiomyopathy was significantly smaller than that of a healthy subject.
3) They mentioned that the myocardial contractility of a patient with hypertrophic cardiomyopathy was decreased by tangled myocardial fiber. Furthermore, Hoyt et al. reported that there was a correlation between the amount of hydroxyproline, which is the main component of fibrous tissue in the myocardium, and the baseline value of IB. 16) To improve the spatial resolution in the estimation of the myocardial displacement, Kanai et al. proposed the phased tracking method, which enables the detection of small vibrations in the heart wall. 17) This method was applied to multiple points preset in the LV wall along an ultrasonic beam so that the spatial distribution of velocities at those points is simultaneously obtained. 18, 19) Furthermore, this method was applied to other applications, such like the measurements of heart wall vibrations induced by external actuation 20) and the strain waveform of the radial arterial wall. 21) There are several studies on the measurement of IB with tracking of myocardial motion. Bai et al. measured cyclic variation in IB by tracking myocardial motion using a speckle tracking technique. 22) They showed that the normal myocardium and the infarcted myocardium can be differentiated by cyclic variation in IB measured by their method. Sekioka et al. used a tracking method based on ultrasonic RF echoes for the measurement of IB. 23) They mentioned that differences between IBs of hearts of healthy subjects and patients with myocardial infarction were enhanced by tracking myocardial motion. However, the temporal resolutions in these previous studies are not sufficient to detect the high-frequency variation in IB that is investigated in the present study. Therefore, the phased tracking method, which can measure myocardial motion accurately at a high temporal resolution, was used in the present study to measure IB from the myocardium.
In this study, by applying the phased tracking method, which estimates the displacement of an object with a high degree of accuracy using the phase shift of the RF signal, an ROI assigned in the heart wall along an ultrasonic beam is accurately tracked. By setting the ROI between two adjacent points along the beam, the instantaneous position and the size of the ROI corresponding to displacement and change in thickness of the heart wall are automatically determined. Thus, it is possible to measure the IB in the same site of the heart wall in each frame with better time resolution and spatial resolution in the axial direction. Since the spatial resolution and time resolution were significantly improved, rapidly varying components were observed in the IB signal. Such rapidly varying components highly depend on the strain rate of the heart wall and these components result from the interference between the ultrasonic waves reflected by scatterers. By applying the proposed method to an in vivo experiment, the interference cycle of the IB signal was calculated to estimate the rate of change in the thickness of the heart wall.
Principles
2.1 Detection of IB from the same site in the heart wall Figure 1 illustrates the proposed method for calculating the IB. At the time of electrocardiographic R-wave, N layers with a thickness of Ád ¼ 2463 m were assigned in the interventricular septum (IVS) from the right ventricular (RV) side to the left ventricular side along an ultrasonic beam with intervals of Ád=4 ¼ 616 m and then, the IB was calculated in each layer in one cardiac cycle. The thickness Ád was determined from the duration of an ultrasonic pulse transmitted from the ultrasonic probe. The IB signal IB i ðtÞ of the i-th layer from the RV surface (i ¼ 0) at time t is given by 24) IB i ðtÞ ¼ 10 log 10 1 ÁdðtÞ
ÁdðtÞ ¼ x 2i ðtÞ À x 1i ðtÞ; ð2Þ where zðt; Þ is the quadrature demodulated signal of the ultrasonic pulse scattered by the object at depth position x ¼ at time t, and x 1i ðtÞ and x 2i ðtÞ are the top and bottom of the i-th layer (i ¼ 0; 1; 2; . . . ; N À 1), respectively.
Interference cycle of IB and rate of change in thickness
In the present study, the interference cycle of the IB signal in the time (frame) direction is estimated. When intramyocardial scatterers move in response to the changes in thickness of the heart wall, the interference state of multiple scattered waves varies. If the distance between two scatterers is varies owing to the change in thickness, the rate of change in the distance of scatterers, i.e., the rate of change in thickness, is determined by estimating the cycle of the change in IB. Figure 2 (a) illustrates the case of two scatterers. Ultrasonic echoes from scatterer A and scatterer B in the n-th frame and (n þ 1)-th frame are given by S A ðt; nÞ ¼ cosð2f 0 tÞ; S B ðt; nÞ ¼ cos 2f 0 t þ 2d c 0 ;
where f 0 is the ultrasonic center frequency and c 0 is the acoustic velocity. Thus, the phase difference Á i due to the change in thickness Ád i between two frames is given by
Therefore, the interference cycle T i is given by substituting Á i ¼ 2ÁT =T i as follows:
As shown in eq. (4) and Fig. 2(a) , Ád i =ÁT indicates the rate of change in distance of scatterers, i.e., the rate of change in thickness. Then, the average rate of change in thickness v i in each layer is given by
where f i is the interference frequency. Also, the rate of change in thickness obtained by the phased tracking method v ip is given by 25) 
where vðx 2i ; tÞ and vðx 1i ; tÞ are the velocities of the top and bottom of the i-th layer, respectively. The phased tracking method requires two points along an ultrasonic beam to estimate the rate of change in thickness. In contrast, the interference cycle of IB, which corresponds to the change in thickness, can be estimated using each single depth point. In this study, the interference cycle was obtained by Fourier transform in accordance with the process in Fig. 2(b) . To identify peaks in the frequency spectrum of the IB signal, it is necessary to remove the direct-current component from IB signals and zero points (total 512 points) were added to improve the frequency resolution. Then, the rate of change in thickness was calculated using the interference frequency of IB and the phased tracking method. Figure 3 shows a typical cross-sectional image (transthoracic parasternal longitudinal-axis view) of the heart obtained from a healthy 24-year-old male. The figure on the right-hand side of Fig. 3 shows the RF acquisition area. The RF data were acquired at a frame rate of 888 Hz using a 3.75-MHz sector-type probe of ultrasonic diagnostic equipment (ALOKA SSD-6500). The sampling frequency of the RF signal was 15 MHz. Figure 4 shows IB signals of the RV side (red line), the middle (green line), and the LV side (blue line) of the IVS along beam 5. In Fig. 4 , there is cyclic variation in each ROI, which is the same as that reported previously (the magnitude decreases during systole and increases during diastole). During diastole, the myocardial fiber was depressed and the orientation of the fibers became almost parallel, and the incident angle of the ultrasound becomes perpendicular to almost all the fibers. Thus, the magnitude of the integrated backscatter increased during diastole. This is opposite in systole, i.e., there are various fiber orientations. In addition to the conventional cyclic variation, the rapidly varying components, which are thought to be due to interference between the ultrasonic waves reflected by scatterers, are apparent during one cardiac cycle. contained low-frequency and high-frequency components.
In vivo Experimental Results

Discrimination of interference component from noise
To examine these components, the spectra of IB signals were averaged. period for frequency analysis around the second heart sound AE90 ms. Figures 7(a)-7(c) show the amplitude spectra of IB signals obtained in Fig. 6 by applying the DFT with a Hanning window with a length of 180 ms so that the distance between scatterers in the myocardium largely varies and the interference arises in each ROI, especially in the RV side. From the average spectrum, the interference frequencies were calculated at 5.2 Hz (RV side), 8.7 Hz (middle of IVS), and 10.4 Hz (LV side). Each interference frequency corresponds to the cycle indicated by the arrow on the IB signals in Fig. 6. Figures 7(d)-7(f ) show the average rates of change in thickness within the analysis period obtained using the interference frequency of IB signals (red line) and the phased tracking method (blue line). The blue dotted line is the instantaneous rate of change in thickness within the analysis period obtained using the phased tracking method.
As described in the previous section, the values obtained by the two methods are nearly equal, especially in the RV side. Furthermore, the average values of rates of change in thickness within the analysis period are summarized in Table I . Both rates of change in thickness obtained by the proposed method and the phased tracking method were larger in the LV side than the RV side. Such a tendency is in good agreement with previous reports. 26) From these results, the proposed method was shown to have potential for the estimation of the rate of change in thickness using the interference cycle of the IB signal. 
Discussion
As shown in the results in Figs. 7(d)-7(f ) and Table I , a large window length is necessary when an ROI is assigned in the RV side to detect the interference between echos from scatterers, which move in response to the change in thickness of the heart wall. That is, a large window length is not indispensable for the LV side where the rate of change in thickness during one cardiac cycle is large. Also, myocardial lateral motion cannot be neglected when such a long window is used. Figure 8 shows the instantaneous rate of change in thickness during one cardiac cycle obtained using shorter and longer windows for frequency analysis. The results obtained by both the proposed method and the phased tracking method show a similar tendency (large change in thickness in the LV side). Also, it was found that the estimated values obtained by windows longer than 180 ms are very close to that obtained by the phased tracking method in the RV side and the middle of IVS. In contrast, the values obtained by windows shorter than 180 ms are very close to that obtained by the phased tracking method in the LV side. If the optimal window length is used in each frame and ROI position, it might be possible to estimate the rate of change in thickness with a high degree of accuracy.
Conclusion
In this study, we proposed a method for estimation of the rate of change in thickness using the IB signal. To examine the low-frequency component and high-frequency component, the spectra of IB signals were averaged and the interference components due to interference between the ultrasonic waves reflected by scatterers, which move in response to a change in thickness of the heart wall, were found in addition to the conventional cyclic variation. The interference frequency calculated by DFT in the same period reflected the well-known contractile and relaxant characteristics fairly well. Also, it was indicated that it might be possible to estimate the rate of change in thickness with a high degree of accuracy if the optimal window length is selected for each frame and ROI position. These results indicate that the proposed method have potential for the evaluation of the rate of change in thickness using the interference cycle of the IB signal.
